Electronmicroscopic study has revealed a dicentric chromosome in the root tip cells of diploid Aloe vera, hitherto unreported in somatic cells of plants. The morphological aspects are described and the implications of such structural features of the dicentric are addressed in a functional perspective. It is also proposed that the presence of two functional kinetochores need not invariably lead to chromosome instability and loss.
The flawless movement of chromosomes to opposite spindle poles during anaphase depends on chromosome attachment of microtubules at their kinetochores. Natural selection has favored mainly two types of chromosomes, those having kinetochore activity along their entire length (holocentric) and those having localized kinetochore activity (monocentric) . Variants between these two extremes (polycentric) usually produce chromosome bridges that result in chromosome breakage or loss. These polycentric chromosomes can survive if their kinetochores are close enough that act as one (Moens 1978 (Moens , 1979 or if all but one of the kinetochores are functionally inactivated . Although large amount of work has been carried out on the behavior of multicentric chromosomes during mitosis, little information is available concerning electronmicroscopic studies on dicentric chromosomes, particularly in plants. In this study ,we have examined the ultrastructural organization of a dicentric chromosome found unexpectedly in the taxa Aloe vera which is otherwise cytologicaly unnoticed at LM and its behavioral attitude is described. Our study strongly support the idea that, the presence of two centromeres in a dicentric does not result in damage to the chromosome or the cell concerned.
Materials and methods
Healthy root tips excised from Aloe vera. L plants grown under greenhouse conditions were fixed in 3% glutaraldehyde for overnight, postfixed in 4% Osmium tetraoxide and dehydrated in a ethanol series using 2% Uranyl acetate as enbloc stain. Processed root tips were infiltrated with and embedded in Epon-araldite. Ultrathin sections (60-90 nm) were obtained with an Leica UCT microtome and were post stained with Uranyl acetate and lead citrate by conventional means prior to observing under a JOEL JEM 100 CXII Transmission Electron microscope.
Results and discussion
Dicentric chromosomes are produced through chromosomal exchanges occurred between two different breaks of chromosomes (Ichikawa 1981) which may be spontaneous or induced by irradiation, or through the loss of telomeric DNA from a subset of chromosomes (Vaziri and Benchimol 1996, Sandy et al. 2003) . Both classical cytogenetic data (McClintock 1939) and recent studies of artificial chromosomes in Saccharomyces (Mann and Davis 1983, Koshland et al. 1987) have shown that most dicentric chromosomes are mitoticaly unstable and they often form bridges and fragments during anaphase and are eventually lost. Dicentric bridge is formed when the two centromeres in each chromatid move towards opposite poles at anaphase, the region being stretched on the spindle (Mather and Stone 1933) and the probability of forming bridge at anaphase for a dicentric chromosome is 50% (Ikushima and Ichikawa 1967) .
Attachment of two kinetochores on a single chromatid to opposite spindle poles results in the DNA molecule of that chromatid being simultaneously pulled towards both spindle poles (anaphase bridge formation). Apparently the spindle generates sufficient force to ultimately break the chromatid. As a consequence, most dicentric chromosomes are associated with a mosaic karyotype (Earnshaw et al. 1989) . And is generally accepted that dicentric chromosomes cannot function as member of the karyotype of a wild species (White 1973) . The somatic karyotype of Aloe vera (2nϭ14) indicates that it has asymmetrical and bimodal as has been described for the entire tribe Aloinae (Darlington 1963 , Stebbins 1971 , Sapre 1975 ). There are 4 pairs of long and 3 pairs of short chromosomes (Fig. 1 ). The genome of A. vera is an exception to other Aloe sp. in having 3 long, 1 intermediate and 3 short chromosomes due to its wider geographical distribution (Marshak 1934 ). Secondary constrictions or satellite have never been recorded in this species (Sapre 1975) though their presence has been noted in other species.
In the present study the taxa Aloe vera has revealed dicentric chromosome morphology at the ultrastructural level. One of the mitotic chromosomes at anaphase (Fig. 2 ) reveals two kinetochore regions as separate entities, with pronounced constrictions, both having MTs attached to them, interspersed with dense chromatin. These two kinetochore regions which are morphologically similar should not be confused with secondary constrictions which are potential NORs without centromeric activity (Sumner 1990) . Nonetheless, as there is no report on secondary constriction or the dicentrics previously, the presence of two kinetochores in this case presents an enigma in understanding the structural and functional aspects of centromere, as it has been established that all the chromosomes in Aloe vera are of monocentric with localized centromeres. Kinetochores, the DNAprotein complex, is described as a specialized region known to attach the chromosome to the mitotic apparatus (Baskin and Cande 1990) , which is based on the ultrastructural studies showing a positive mechanical connection between the kinetochore and microtubules and also on the chromosome fragments lacking kinetochore failing to maintain fidelity of segregation during cell division. In most of the plant species studied the kinetochores resembles ball and cup shaped, with exceptions being in some algal members which display the trilaminar kinetochore characteristic of animals. Even in Aloe vera, in which the chromosomes are known to be monocentric have ball and cup shaped kinetochore at the ultrastructural level and the microtubules attaching to these kinetochores being relatively high similar to other higher plants (unpublished) . The kinetochore microtuble (KMt) number varies between species, for example, yeast has only 1-4 KMts per kinetochore (Peterson and Ris 1976) , humans 17 (Wendell et al. 1993) , Heamanthus 140 (Jensen and Bajer 1973) , metaphase PtK1 cells 24 (McEwen et al. 1997 ) and so on. This variation of the kinetochore microtubule number is because of the stage of mitosis and also the length of time that the kinetochore has been on the spindle (Jensen 1982 , McEwen et al. 1997 and even with in a cell the number can vary over a two fold range and one of the cause could be slow rate of microtubules binding to kinetochores. However, KMt number is not so important for the balance of forces during chromosome congression and only 1 KMt is sufficient enough to initiate congression towards the spindle equator regardless of the number of KMts on the sister kinetochore (McEwen et al. 1997, Zhang and Nicklas 1997) . In this context, the observed number of KMts attached to the 2 kinetochores on the dicentric chromosome in Aloe vera being very less, it is sufficient enough to effect proper segregation during poleward movement, as there is substantial amount of evidence that only 1 microtubule is capable of effecting flawless poleward chromosome movement (McEwen et at. 1997) .
It is generally believed that dicentric chromosomes are mitoticaly unstable and if each of the centromere on the dicentric chromosome had segregated independently to opposite poles during anaphase, the pulling on the chromosome could have resulted in the formation of anaphase bridge and/or chromosome breakage as demonstrated cytogeneticaly in classic studies in maize (McClintock 1939) and would be eventually lost. On the contrary, our unexpected ultrastructural observations, where the attachment of KMTs which seen to radiate from the two kinetochores oriented towards the same pole during anaphase in Aloe supports the idea of parallel orientation as suggested by Darlington and Wylie (1953) giving rise to free separation of chromatids at anaphase without any bridge formation thereby providing stability for the flawless transmission. Hence it must be concluded that, presence of two kinetochores which are functionally active with presumed manifestation of all the centromeric functions associated with cell division in a dicentric need not lead to instability or loss, at least in the present instance.
Some dicentric chromosomes are known to be transmitted in experimental organisms, even if their behavior is entirely abnormal. A few cases of transmissible dicentric chromosomes have been recorded in literature. Sears and Camara (1952) described an instance in wheat and Angell et al. (1970) have reported several cases of supposedly dicentric Y chromosome in man. Stable dicentric X chromosomes in humans (Disteche et al. 1972 , Warburton et al. 1973 , See also refs. in Earnshaw and Migeon 1985 and other mammals , Cherry and Wang 1988 , Vig and Paweltz 1988 have been described, although stable dicentric autosomes being reported. A dicentric chromosome may be transmitted because the kinetochores differ in strength; the dicentric chromosome moves to the pole to which the stronger kinetochore is oriented (Novitski 1952) . Sears and Camara (1952) discovered a dicentric chromosome in common wheat which had one weak and a strong kinetochore. The dicentric chromosome appeared as a univalent during meiosis-I with its kinetochores usually oriented to opposite poles. At anaphase the dicentric chromosome moved to the pole to which strong kinetochore was oriented because the orientation of the weak kinetochore failed. Novitski (1952) proposed that dicentrics with different sized arms move to a pole, instead of lagging at the equatorial plate at anaphase-I because they have kinetochores of different strengths i.e. a stronger kinetochore prevails over a weaker one. Differences in kinetochore strength may result from intrinsic differences between kinetochores of different chromosomes and have no relationship to chromosome arm length. The kinetochore size may therefore determine kinetochore strength (Ault and Lyttle 1988) . However the similarities in the kinetochore sizes in the dicentric chromosome of the present study provides ample evidence to speculate that they are of equal strength. The dicentric chromosomes apparently do not violate the principle that stable chromosomes must be functionally monocentric because in all stable dicentrics one centromere appears to be dominant while the other seems nonfunctional (Earnshaw and Migeon 1985) . In few instances however certain dicentrics segregate equationally, for example various types of dicentric chromosomes in mouse and man ) and an octacentric chromosome in mouse (Vig 1984) segregate as if they are monocentric. Mechanism of premature centromere separation has been proposed to account for the orderly behavior of the chromosomes . Certain dicentric human chromosomes may be stable because they are functionally monocentric. This is supported by the observation that a constriction at just one centromere and, that one just one centromere binds to known centromere proteins such as CENP-C and CENP-E (Sullivan and Schwartz 1995) .
It has been proposed that the nonfunctional centromere is present but somehow inactivated (Therman et al. 1974) . This proposal is supported by the observation that two centromere regions present in stable dicentric chromosomes as detected by C-banding or by in situ hybridization with centromere associated cloned repetitive DNA probe (Jabs et al. 1984) . Hsu et al. (1975) suggested that this inactivation might be reversible and therefore termed such centromeres as "Latent". As there is no direct evidence for centromere reactivation, the non-functioning centromeres are referred to as "Inactive" or some times as 'pseudodicentric' and the phenomenon is poorly understood except for the speculation that activation is being attributed towards some characteristics of alpha satellite such as high AϩT composition, repetitiveness or secondary structure (marking) and inactivation occur by reversal of the activation/marking steps (Murphy and Karpen 1998) in the absence of molecular data. The so called inactive centromeres show premature separation at late prophase/early metaphase before the active centromere splits into 2 sister units which is seen in an octacentric chromosome in mouse L-cells and brain tumor dicentric in mouse, the heterochromatin around the inactive centromere replicates before that in the vicinity of the active centromere (Vig and Broccoli 1988) . This premature replication is associated with premature separation of the centromere and may suggest that, replication of the centromere proper takes soon after and in continuation with the replication of the pericentric heterochromatin (Broccoli et al. 1989 ) . Notwithstanding this, recently it has been shown that inactive centromeres are essentially composed of heterochromatin, as it is associated with the heterochromatin protein HP1Hs (Vagnarelli and Earnshaw 2001) in a well characterized dicentric chromosome of human cell line which shows absence of localization of several kinetochore markers including dynein, dynactin subunits, CENP-E, CENP-F, HZW10 and Mad 2 (Faulkner et al. 1998) .
The mechanism of centromere inactivation is unknown, but it does not necessitate the loss of centromere associated DNA elements. Inactive centromeres are typically C-band positive (Disteche et al. 1972 , Warburton et al. 1973 ) and further it has been shown to contain centromere associated alphoid DNA elements (Jabs et al. 1984) which are not sufficient enough for kinetochore formation in stable dicentrics (Murphy and Karpen 1998) . Thus centromere inactivation is likely to result either from subtle DNA sequence alterations i.e. epigenetic mechanisms or from stable changes in centromere chromatin composition or conformation (Earnshaw et al. 1989) . May be that dicentric stability is achieved by more than one mechanism; perhaps in some cells it is achieved by inactivation of one of the centromeres, thus rendering the structurally dicentric chromosome into function-ally monocentric as proposed by Therman et al. (1974) . But when two acrocentric chromosomes fuse to form a metacentric one, their kinetochores would be very close together that cannot orient independently during division and could function as one without any inactivation (Lau and Hsu 1977) . On the otherhand, the mutual coordination of the two closely associated functional centromeres over a molecular distance of upto 12 Mb (Sullivan and Willard 1998) would render stability to a dicentric chromosome by orientation of the two kinetochores on each chromatid to the same spindle pole during segregation. How either of these stabilizing mechanism occurs need to be thoroughly investigated, since the primary DNA sequences at centromeres are more complex and are not known to be conserved among plant and non-plant systems. However, the KMTs which appear to penetrate more than 1/3 of the depth of the kinetochore, deeply seated in the pit in the taxa Aloe vera has given sufficient indication that both the centromeres are active during segregation ruling out Therman's view. The fully functional, which are closely associated kinetochores presumably could be acting synergistically during microtubule capture without affecting chromosome stability. The significance of KMTs penetrating deep into the kinetochore region observed and the presence of dicentric at ultrastructural level, which is otherwise unnoticed at lightmicroscopic level, which does not provide the resolution necessary for the identification, have to be thoroughly assessed. Perhaps, the distance between the centromeres i.e. intercentromeric distance might play an important role in dicentric chromosome stability, leading to the co-ordination of the two functional centromeres as suggested by Page and Shaffer (1998) , and Sullivan and Willard (1998) leading to proper disjunction at cell division or the inactivation of one of the centromeres could be incomplete. But still it necessitates detailed examining of large numbers of these dicentric chromosomes of a population in order to answer definitely whether the chromosomes are functionally dicentric or monocentric at molecular level, since anaphase kinetochores diminish rapidly in size and difficult to analyze (Wandall 1994) .
The morphological results and the theoretical concepts raise many more important questions about the molecular architecture of dicentric chromosomes like, what proteins provide the structural support for the activation or inactivation of kinetochore, since specific kinetochore proteins like CENP-A, C, E and H are known to localize to only active centromeres and the inactivation process itself being a mystery. Which molecules are responsible for attachment of microtubule to the active kinetochore, as the active centromeres participate in spindle checkpoints (Saffery et al. 2000) . Do the tension and spindle checkpoint mechanisms have a role, since the presence of dicentric in a cell would generate damage in spindle checkpoint proteins (Neff and Burke 1992) . How does the intercentromeric distance play a role in the stability of dicentrics? More likely, the better understanding of various epigenetic mechanisms at molecular level which can potentially alter the chromatin structure inducing centromerization, where the control mechanism can spread over a distance beyond a core centromere (Choo 2000) which also finds support in centromere literature of plant systems (Richards and Dawe 1998) could provide crucial insights about the remarkable plasticity of centromeres. Despite the vast progress made in this regard, we still know little about these in plants. It would be an arduous task and worth examining these dicentrics of plants in detail to provide answers for all these questions which have baffled the biologists since a long time. The preliminary morphological results presented here is hoped to bridge the gap to some extent and the identification and characterization of some of the kinetochore proteins that persist at inactive centromeres like MCAK, CENP-B, CENP-G homologues could speed up the functional analysis of centromeric components involved in their transmission, particularly in plant systems.
